Abstract: Receiver sensitivity can be improved by optical heterodyne reception. For our investigations, we implement a passive optical network (PON) to demonstrate the heterodyne reception scheme. In this paper, a novel non-optical carrier single-sideband orthogonal frequency division multiplexing (NOC-SSB-OFDM) scheme is proposed for intensity modulation and heterodyne detection-based passive optical networks (PONs). We study the effect of signal-signal beating interference (SSBI) for different guard bands (GBs), the line-width of the laser, and the carrier to signal power ratio (CSPR) on the performance of the proposed scheme. It is shown that the receiver sensitivity can be improved by about 4 dB at a bit error rate (BER) of 1 × 10 −3 after 100-km single mode fiber (SMF) transmission by using the proposed NOC-SSB-OFDM scheme compared with the traditional SSB-OFDM scheme.
Introduction
With the continuous growth of the number of network users and the emergence of new network business applications such as high-speed internet communication, high-definition multimedia television (HDTV), and fast peer-to-peer file transfer, the demand for bandwidth is increasingly on-going [1] . In recent years, orthogonal frequency division multiplexing (OFDM) has become a promising technology for the next generation of optical access networks and gained much attention for the use in passive optical networks (PONs) [2] , [3] , due to its excellent resistance to fiber dispersion and high spectral efficiency [4] . However, one of the drawbacks of OFDM is its weak tolerance to fiber nonlinearity, which greatly limits the performance of OFDM-based optical access networks [5] .
We first give an overview on some of the main modulation and detection schemes that can be used for flexible optical transceivers. They might be based on transmitters allowing for the amplitude or intensity modulation, or even complex modulation. Receivers might use coherent detection, heterodyne detection or direct detection. Therefore, optical OFDM systems can be generally classified into three categories: coherent optical OFDM (CO-OFDM) [6] , direct detection optical OFDM (DDO-OFDM) [7] , and heterodyne detection optical OFDM (HDO-OFDM). For CO-OFDM, coherent detection is performed which is not cost-effective for the use in cost-oriented optical access networks. For DDO-OFDM and HDO-OFDM, a simple photo-detector (PD) can be used for signal detection which is cost-effective. Due to the cost-effectiveness, direct detection (DD) or heterodyne detection (HD) based optical OFDM is an attractive technology for short-and medium-range optical access networks [8] , [9] , and there has been made an overview over different reception schemes that can be used for flexible optical transceivers [10] . So far, several techniques have been proposed for the generation of the OFDM signals, including double side-band (DSB) modulation and single side-band (SSB) modulation. DSB-OFDM signal suffers from chromatic dispersion induced power fading [11] - [13] and occupies relatively large bandwidth. In contrast, SSB-OFDM has higher spectral efficiency and robustness against chromatic dispersion-induced power fading in optical access networks [14] - [17] . Nevertheless, an optical carrier is required for converting the optical OFDM signal to the electrical domain in both DD and HD optical systems [10] , [18] , [19] . It has been shown that the optical carrier to signal power ratio (CSPR) is a key parameter in the SSB-OFDM systems. Also, fiber nonlinearity has the effects of increasing the optimum CSPR and making the system more vulnerable to CSPR changes in remote heterodyne OFDM-PON systems [20] . However, a higher optical carrier would yield a poorer sensitivity and lower power efficiency since the optical carrier uses more power but bears no information. Moreover, due to the square-law detecting nature of the PD, inherent signal-signal beating interference (SSBI) becomes a severe systemic interference which largely degrades the signal performance [21] - [23] .
In this paper, we propose a novel non-optical carrier SSB OFDM (NOC-SSB-OFDM) scheme for OFDM-PON systems. In the optical line terminal (OLT), the NOC-SSB-OFDM signal is generated by an intensity modulator together with an optical filter. At each optical network unit (ONU), for high receiver sensitivity, the upstream light source is also used to provide the optical carrier for HD of downstream signals. Some key advantages of the proposed NOC-SSB-OFDM scheme are listed in the following: 1) a doubled spectral efficiency compared to DSB-OFDM and higher bandwidth utilization with respect to the traditional SSB-OFDM; 2) robustness against fiber nonlinearity, especially for wavelength division multiplexing (WDM) systems; and 3) improved power efficiency. We investigate the impact of guard bands (GBs) and various CSPR values under different laser line-widths on the system performance, and the bit error rate (BER) performance for different fiber spans with the optimum CSPR is also evaluated.
Principle of NOC-SSB-OFDM Based PON
The principle of a NOC-SSB-OFDM based PON system is shown in Fig. 1 . It is known that SSB-OFDM signals can be generated by optical DSB modulation of radio-frequency OFDM (RF-OFDM) signals with optical SSB filtering, optical SSB modulation of a RF-OFDM signal, or optical modulation of a baseband OFDM signal with the addition of an optical carrier.
The normalized electrical baseband OFDM signal with total N sc subcarriers is expressed as
c k e jω k t , where c k and f k = ω k /2π, respectively, represent the symbol information and the central frequency of the k th sub-carrier of the OFDM signal. We assume that the laser is steady and monochromatic, and hence, the optical signal can be defined as [24] ,
where A 0 is the amplitude of the optical signal, and ω 0 is the angular frequency of the optical carrier. The optical DSB signal generated using intensity modulation can be expressed as
where m is the intensity modulation index. I(t) and Q(t) are the real and imaginary components of the complex-valued baseband OFDM signal, which are up-converted to radio frequency fc before intensity modulation, Re{x} signifies the real part of the complex signal x. Equation (2) gives the typical expression of an intensity-modulated DSB optical signal, and the power in non-data bearing optical carrier is much higher than the power in the sideband, yielding low sensitivity. After using optical filtering to wipe off one side-band, the SSB optical signal can be produced. It is clear that for both DSB and SSB optical signals with a fixed optical power, the existence of the non-data bearing optical carrier significantly decreases the useful side-band optical power, thus giving rise to an impact on communication performances. To address such an issue, several non-date-bearing optical carrier power suppression techniques have been reported, including the optical filtering techniques [25] and the IM modulator bias optimization approaches [26] . However, the non-databearing optical carrier is still preserved to maintain the signal transmission performances in those schemes, which occupies an un-negligible ratio of the total optical signal power. In additional, for a simple intensity modulation/direct detection (IM/DD) based WDM communication systems, due to the coexistence of multiple channels of optical signals, the total optical powers of the non-data bearing optical carriers in all WDM channels are considerable and a relatively large optical power of those non-data bearing optical carriers contributes to considerable nonlinearity effects. Hence, in this paper, a novel technique has been proposed to totally wipe off the non-data-bearing optical carrier and one single side-band at the transmitter end by an optical filter. And the receiver end, the upstream light source is also used to provide the optical carrier to detect the optical SSB signal.
After optical filtering, the optical signal only consists of a single sideband which can be given by
where h(t) represents the transfer function of the optical filter and ⊗ denotes the convolution operation. At each ONU, the upstream light source, which is served as a local source (LO) with the center frequency of f 0 is used to offer an optical carrier. Therefore, the received optical SSB signal and the optical carrier are combined together to generate S Rx : The spectrum of the combined optical signal S Rx is illustrated in Fig. 2(a) . After square-law detection in PD, the normalized received signal can be written as
In (5), the first term is the direct current (DC) component, the second term is the desired carriersignal beating products, and the third is the unwanted SSBI product. Unfortunately, inherent SSBI is a severe systemic interference which largely degrades the signal performance. A GB is typically inserted between the optical carrier and the OFDM signals to keep the received signals immune from SSBI contamination. Moreover, since SSBI always occupies the same bandwidth (BW) as the OFDM signals, the spectral efficiency will be reduced by half with the use of GB, as shown in Fig. 2(a) , and the corresponding spectrum of the detected signal is given in Fig. 2(b) . In addition, the second term of (5) shows a signal magnification function provided by the local source, thus leading to the reduction in the requirements of the high received optical signal power, which is valuable to further reduce the transmitted optical signal power and also improve receiver sensitivity. More importantly, it also offers a potential candidate to improve the WDM system transmission performances, due to the reduction of the total optical power of multiple WDM channels.
The WDM schemes are expected to play a key role in next-generation PONs. Therefore, we should extend to consider WDM based PON systems. The proposed NOC-SSB-OFDM based WDM-PON architecture with downstream/upstream (Ds/Us) is shown in Fig. 3 . The WDM signals in the Us/Ds fiber are, respectively, shown in Fig. 3(c) and (d) .
Multiple optical signals are combined into the optical fiber channel with a WDM multiplexer (MUX). In each WDM channel, the 16-quadrature amplitude modulation (16-QAM) based OFDM signal is up-converted to a high RF frequency, such as f 1 , and an optical filter is used to generate the desired NOC-SSB signal, which can mitigate any nonlinear effects that would occur from the traditional SSB transmission. In the remote node (RN), an optical de-multiplexer (DEMUX) is used to separate N WDM channels for delivery to N optical network units (ONUs), where N denotes the number of WDM channels. At each ONU, the upstream light source laser is split by a 3-dB coupler, with one output passed to a coupler as the optical carrier for the downstream signals and fed to a receiver for HD, and the other for uplink transmission as shown in Fig. 3 . Since the upstream is similar to the downstream, we only investigate the performance of the downstream transmission in this work.
Results and Discussion
We evaluate the performance of the proposed NOC-SSB-OFDM-PON system using Virtual Photonics Incorporated Transmission Maker (VPI TM 9.0) with co-simulations of Matlab. At the OLT, a pseudo-random bit sequence (PRBS) with a length of 2 17 at 16 Gbps (bandwidth BW = 4 GHz) is generated and mapped into 16-QAM symbols. After inverse fast Fourier transform (IFFT), The output signal from RF-OFDM transmitter is fed into the optical transmitter where this RF signal is converted into optical signal through an ideal modulator. After optical filtering, the NOC-SSB-OFDM signal is launched into a standard single-mode fiber (SSMF) with 0.2 dB/km attenuation, a dispersion coefficient of 17 ps/(nm•km) and a nonlinear index of 2.6 × 10 −16 cm 2 /W. In the ONU, after adding an optical carrier, the combined signal is detected by a PD with 50 GHz bandwidth, 1 A/W responsivity and thermal noise of 21 pA/(Hz) 0.5 . The obtained electrical OFDM signal is then demodulated by Matlab and the BER is calculated. We first evaluate the BER performance of system versus CSPR = P Lo / P Sig for different GBs and line-widths of the laser. For optimum heterodyne reception, we need to find the best proportion of average signal power P Sig and Lo power P Lo under the condition that the total power P = P Sig + P Lo remains constant. The results shown in Fig. 4 are obtained for back-to-back (b2b) transmission with GB/BW = 0.75. Fig. 4(a) shows the BER against CSPR while the line-width of the transmitter is changed and the line-width of the local source is fixed. Fig. 4(b) shows the BER against CSPR while the line-width of the local source is changed and the line-width of the transmitter is fixed. Fig. 4(a) and (b) shows that narrow line-width lasers are required at both transmitter and receiver. This is mainly attributed to severe SSBI contamination when subcarriers approach to optical carrier in the received signal. It can be seen that the line-width of the transmitter has more influence on the performance of the system since the fiber nonlinearity and the chromatic dispersion introduces the interference to the OFDM signal.
Due to the severe influence of the SSBI when GB/BW = 0.75, we further investigate the BER performance with GB/BW = 1 and the results are depicted in Fig. 5 . After O/E conversion in the PD, the components of the spectrum are indicated in Fig. 2(b) . We divide the electrical signal spectrum into two parts: a) optical carrier-OFDM subcarriers beating terms that are the desired signal; b) OFDM subcarriers-OFDM subcarriers beating terms, namely SSBI. As it is observed, due to the optical carrier-OFDM subcarriers beat terms are away from the OFDM subcarriers-OFDM subcarriers beat terms, the desired signals are mainly affected by the in-band electrical noise that including the optical carrier-noise beating noise, and OFDM subcarriers-noise beating noise. As expected, the optimum performance results for CSPR corresponding to 1, and we can get a good performance of the system with the line-widths of the transmitter and the local source below 0.6 MHz.
We then evaluate the BER performance of the NOC-SSB-OFDM based PON system over different transmission lengths and the results are shown in Fig. 6 . The maximum fiber length considered was 100-km, which is the target reach for next generation PONs [27] , where two 0.2 MHz line-width lasers emitting at f 0 = 193.1 THz, while the GB = BW are employed. As depicted in Fig. 6 , at a fixed received optical power, the CSPR = 1 is optimum. With the increase of the transmission distance, the dynamic range of the CSPR is getting smaller for a forward error correction (FEC) quality threshold of BER = 10 −3 . And it is found that although there is no dispersion compensation in this NOC-SSB-OFDM based PON system, the performance of the system is satisfactory. Fig. 7 (a) examines the relationship between the system performance and the optical launch power where the received optical power is set to −10 dBm and the optimum CSPR = 1 is employed. It clearly shows that there exists a launch power region from 4 to 0 dBm, where lower BERs can be obtained, with −2 dBm as an optimum launch power. For lower launch powers, the system is limited by the achievable optical signal-to-noise ratio (OSNR) of the received signal, as indicated by Fig. 7(b) . For high launch powers, the system suffers from fiber nonlinearities. The optical OSNR is obtained at the optical filter input in the reference bandwidth of 0.1 nm at λ = 1550 nm. The OSNR is significantly improved by using the proposed NOC-SSB-OFDM scheme. We further compared the performance of three different schemes in Fig. 7(c) , and it is not hard to find that, after 25-km SSMF transmission, the NOC-SSB-OFDM achieves better performance than the other schemes. And the results show that the efficiency of power has been greatly improved. Fig. 8 shows BER performance versus the received optical power for the traditional SSB and the proposed NOC-SSB based OFDM-PON. We can see that our proposed scheme has higher sensitivity for the OFDM receiver than the traditional SSB. It is found that in Fig. 8(a) the required power at a BER of 1 × 10 −3 for 25 km transmission is −15.2 dBm while in Fig. 8(b) is −9 dBm. And the receiver sensitivity can be improved by about 4 dB at a BER of 1 × 10 −3 after 100-km SSMF transmission by using our proposed scheme compared with the traditional SSB scheme. Since there is no dispersion compensation in our proposed system, the receiver power penalties of about 1.7 dB and 3.2 dB are observed compared with 25-km at a BER of 1 × 10 −3 after 75 km and 100-km fiber transmissions.
All of the results aforementioned, we do not concern the non-ideal of the optical filter. However, in the case of a non-ideal filter, typically having a finite frequency roll-off around its cut-off frequency, there exists a residual optical carrier that is not completely removed. It is would cause some impairments that can degrade the system performance. Therefore, we use an optical filter with a Gaussian response to analyze the filter's impact. Fig. 9 illustrates the BER as a function of optical filter orders with different line-widths for b2b and 25-km. As depicted in this figure, at a fixed optical filter order the system is sensitive to the change of the line-with. But with fixed line-with at 0.2 MHz of two lasers, we change the optical filter order and the system performance is not seriously affected. And we get that with the higher optical order, the power of the residual carrier is smaller. Therefore, even if there are residual optical carriers due to the non-ideal filter, but they do not significantly affect the system performance. 
Conclusion
IM/DD SSB-OFDM has recently been considered as a promising candidate for future optical access networks due to its advantages such as high spectral efficiency, relatively low cost, and robustness against transmission impairments like chromatic and polarization mode dispersion. In this paper, we have proposed and investigated a novel NOC-SSB-OFDM scheme with IM and HD for the next generation optical access networks for the first time. The principle of NOC-SSB-OFDM has been discussed and the generation, transmission and detection of the NOC-SSB-OFDM signal have been successfully demonstrated. The obtained results show that CSPR and GB play important roles on the signal performance. In addition, the receiver sensitivity can be improved by about 4 dB at BER of 1 × 10 −3 after 100-km SMF transmission compared with the traditional SSB-OFDM scheme. Furthermore, in WDM-NOC-SSB-OFDM systems, not only the capacity can be increased, but also the nonlinearity can be mitigated. Therefore, the proposed NOC-SSB-OFDM scheme is promising for future optical access networks.
